In flowering plants, LIKE HETEROCHROMATIN PROTEIN 1 (LHP1)/TERMINAL FLOWER 2 (TFL2) is known to interact with polycomb group (PcG) and non-PcG proteins and control developmental programs. LHP1/TFL2 is an ancient protein and has been characterized in the early-divergent plant Physcomitrella patens. However, interacting partners of PpLHP1 other than the chromomethylase PpCMT have not been identified to date. Also, while functional polycomb repressive complex 2 (PRC2) is known to exist in P. patens, there is no experimental evidence to support the existence of PRC1-like complexes in these mosses. In this study, using proteinÀprotein interaction methods, transient expression assays and targeted gene knockout strategy, we report the conserved properties of LHP1/TFL2 using the Physcomitrella system. We show that a PRC1-like core complex comprising of PpLHP1 and the putative PRC1 Really Interesting New Gene (RING)-finger proteins can form in vivo. Also, the interaction between PpRING and the PRC2 subunit PpCLF further sheds light on the possible existence of combinatorial interactions between the Polycomb Repressive Complex (PRC) in early land plants. Based on the interaction between PpLHP1 and putative hnRNP PpLIF2-like in planta, we propose that the link between PpLHP1 regulation and RNA metabolic processes was established early in plants. The conserved subnuclear distribution pattern of PpLHP1 in moss protonema further provides insight into the manner in which LHP1/TFL2 are sequestered in the nucleoplasm in discrete foci. The PpLHP1 loss-of-function plants generated in this study share some of the pleiotropic defects with multiple aberrations reported in lhp1/tfl2. Taken together, this work documents an active role for PpLHP1 in epigenetic regulatory network in P. patens.
INTRODUCTION
Polycomb group (PcG) proteins function in multiprotein complexes called polycomb repressive complexes (PRC) to precisely regulate genes involved in cell-fate determination, cell differentiation and developmental transitions (Simon and Tamkun, 2002; Wang et al., 2016) . They mediate gene repression by epigenetic modifications of histone proteins (Jenuwein and Allis, 2001 ). This repression mechanism is an ancient regulatory process that has played a pivotal role in shaping developmental patterns and physiological responses in early land plants. Over the last decade, several studies have provided insight into the existence and function of molecular components of this regulatory process in the early-divergent plant Physcomitrella patens (Mosquna et al., 2009; Okano et al., 2009; Malik et al., 2012; Dangwal et al., 2014; NoyMalka et al., 2014) . These studies have described the PRC2 subunits PpFIE and PpCLF and have correlated changes in trimethylation levels of H3 at K27 with changes in expression of transcription factor genes and members of a homeobox family involved in the regulation of P. patens development (Mosquna et al., 2009; Horst et al., 2016; Pereman et al., 2016) . Genome-wide epigenomic studies have also shown that H3K4me3, H3K9Ac, H3K9me2, H3K27Ac and H3K27me3 modifications are dynamic during developmental transitions (from juvenile protonema to adult gametophore stage) and under drought stress (Widiez et al., 2014) .
Although a functional PRC2 has been reported in P. patens (Mosquna et al., 2009; Okano et al., 2009; Pereman et al., 2016) and homologs of Arabidopsis PRC1 subunits including LIKE HETEROCHROMATIN PROTEIN 1 (LHP1) have been reported in the P. patens genome. To date, there are no studies that provide experimental evidence to support the existence of a PRC1-like complex in these plants (Dangwal et al., 2014; Berke and Snel, 2015; Chen et al., 2016) . LHP1, also known as TERMINAL FLOWER 2 (TFL2), is one of the most well studied and versatile components of the PcG protein containing complexes in flowering plants. LHP1 has a structure similar to HP1 with respect to its conserved domain architecture. However, it differs in its activities from Drosophila HP1a/b and mammal HP1a/b isoforms and instead performs functions similar to Drosophila Polycomb protein (Pc) and also binds and co-localizes with H3K27me3 marks at PcG target sites similar to Pc. (Turck et al., 2007; Zhang et al., 2007; Derkacheva et al., 2013) . Even though the evolutionary distance separating mosses and angiosperms spans more than 450 million years, Arabidopsis LHP1/TFL2 shares structural and functional similarities with its ancestral counterpart in P. patens. LHP1/TFL2 and PpLHP1 both possess identical domain architectures with conserved chromo and chromo shadow domains at the N-and C-terminus, respectively. The chromo domain includes the signature aromatic amino acid residues while the chromo shadow domain has the conserved residues that favor dimerization of LHP1/TFL2, a property that it shares with the structurally similar HP1 (Guan et al., 2011) . Homodimer formation of HP1 is known to be essential for its interaction with cellular proteins (Smothers and Henikoff, 2000; Gaudin et al., 2001; Yamamoto and Sonoda, 2003) . The disordered RNA-binding hinge region of LHP1/TFL2 separating the two domains encodes the conserved bipartite nuclear/nucleolus localization signal sequence that is also conserved in PpLHP1 (Zemach et al., 2006; Dangwal et al., 2014; Berry et al., 2017) . At the functional level also, both LHP1/TFL2 and PpLHP1 show specific interaction with the chromomethylase CMT3 and PpCMT, respectively, in the nucleus (Lindroth et al., 2004; Dangwal et al., 2014) . These studies therefore support the existence of a transcriptional repression machinery comprising components of the DNA methylation process and the PpLHP1-containing PcG protein complexes in early land plants.
In higher plants, LHP1/TFL2 is known to interact with diverse proteins that facilitate its recruitment to target sites in the chromatin. The interacting partners include the DNA binding factors (GAGA-binding factor BP6), heterogeneous nuclear ribonucleoproteins (hnRNP) such as LIF2, proteins related to the yeast chromosome transmission fidelity 4 (Ctf4) and transcription factors such as Scarecrow, Arabidopsis cyclophilin 71, Short vegetative phase, AS1, AS2 (Liu et al., 2007; Xu and Shen, 2008; Cui and Benfey, 2009; Chen et al., 2010; Li and Luan, 2011; Wang et al., 2014; Hecker et al., 2015; Liang et al., 2015; Li et al., 2016; Zhou et al., 2017) . As a consequence of its varied interactions and existence in different multiprotein complexes, LHP1/ TFL2 loss-of-function plants display pleiotropic defects. Single lhp1/tfl2 mutants are dwarfs, showing alterations in leaf morphogenesis including leaf curling, early flowering, changes in inflorescence development with formation of a single terminal flower, reduced sensitivity to photoperiod and altered glucosinolate metabolism and phytohormone responses (Alvarez et al., 1992; Larsson et al., 1998; Ludwig-M€ uller et al., 2000; Gaudin et al., 2001; Kotake et al., 2003; Takada and Goto, 2003; Rizzardi et al., 2011) .
The high structural conservation between PpLHP1 and LHP1/TFL2 and observations of ubiquitous activities with respect to their interaction with chromomethylases suggested that these proteins perform crucial functions across plant species. In this study, we investigated other conserved activities of LHP1/TFL2 using the Physcomitrella system. Using transient expression assays, proteinÀpro-tein interaction techniques and a targeted gene knockout method, we report the conserved subnuclear distribution pattern and interactions of PpLHP1 with putative PcG proteins. We also show that the link between LHP1/TFL2 regulation and RNA metabolic processes reported in Arabidopsis also existed in P. patens by demonstrating interaction between PpLHP1 and the putative heterogeneous ribonucleoprotein (hnRNP) PpLIF2-like 1 in planta. We also show that PpLHP1 loss-of-function plants display pleiotropic defects, some of which are similar to Arabidopsis lhp1/tfl2 plants.
RESULTS

PpLHP1 shows nuclear and nucleolar localization
For analyzing nuclear and subnuclear distribution of PpLHP1, we transiently expressed PpLHP1 fused to green fluorescent protein (sGFP) encoding sequence (sGFPPpLHP1) in moss protonemata by particle bombardment (Figure 1a) . sGFP driven by cauliflower mosaic virus (CaMV) 35S core promoter (35S) and the 5 0 -untranslated region (Omega) of tobacco mosaic virus expressed in wild type protonema was used as control. sGFP-PpLHP1 was observed to be unevenly distributed in the nucleoplasm and localized in the nucleolus, a nuclear compartment engaged in ribosomal RNA transcription and processing ( Figure 1b, middle panel) . In the nucleoplasm, local accumulation of sGFP-PpLHP1 into numerous foci towards the periphery displayed a speckle-like pattern. By contrast, the control 35S-sGFP showed homogenous distribution in both nucleus and cytoplasm. The punctuated expression of sGFP-PpLHP1 resembles the transient expression pattern reported for Arabidopsis thaliana and Solanum lycopersicum LHP1ÀGFP fusion proteins (AtLHP1ÀGFP, AtLHP1-NLSÀeGFP and Sl LHP1ÀGFP; Nakahigashi et al., 2005; Zemach et al., 2006; Berry et al., 2017) . Expression of AtLHP1ÀGFP is however reported to be excluded from the nucleolus while, Sl LHP1ÀGFP strongly expresses in specific locations in the nucleolar compartment (Gaudin et al., 2001; Zemach et al., 2006; Berry et al., 2017) .
In a recent study on Arabidopsis thaliana LHP1/TFL2, it has been demonstrated that positive residues in the disordered hinge region are crucial for LHP1/TFL2 activity in regulating plant development, RNA binding and for the formation of subnuclear foci that possibly represent phaseseparated non-membrane bound compartments in the nucleoplasm. This property of LHP1/TFL2 was observed to be similar to mammalian HP1a and Drosophila HP1a (Lin et al., 2015; Berry et al., 2017; Larson et al. 2017; Strom et al., 2017) . Mutation of 23 lysine (K) and arginine (R) residues in this region is known to abolish the formation of nuclear foci and sequestering of LHP1/TFL2 in these nuclear domains. We argued that similarity in the subnuclear distribution pattern of PpLHP1 and LHP1/TFL2 should reflect the presence of similar features in the hinge region of PpLHP1 as well. So, we first analyzed the predicted disorder profile of PpLHP1 and then studied the presence of positive residues in the hinge region. We observed stretches of intrinsically disordered regions separating the conserved chromo and chromo shadow domains in PpLHP1. The disorder probability plot of PpLHP1 was actually very similar to that obtained for LHP1/TFL2 (Berry et al., 2017;  Figure S1 ). Subsequently, to analyze presence of positive residues we aligned amino acids spanning the hinge region in PpLHP1 with corresponding residues in LHP1/TFL2. Positive K/R residues were observed in PpLHP1 at most of the positions (Figure 1c ). Interestingly at 13 positions out of 23, identical lysine or arginine is present in PpLHP1, while at two positions lysine and arginine replace each other (lysine in place of arginine or vice versa). As PpLHP1 mimics the subnuclear foci distribution pattern of LHP1/TFL2 even with 13 K/R residues at identical positions, it is possible that K/R at other positions may not be crucial for targeting/sequestering of LHP1 and formation of nuclei foci.
Subnuclear distribution of PpLHP1 is not affected in mutant displaying loss of DNA methylation
The distribution pattern of LHP1/TFL2 in nuclear and subnuclear domains is known to remain unaffected by reductions in histone and DNA methylation in Arabidopsis thaliana nuclei (Zemach et al., 2006) . To investigate whether localization of PpLHP1 is affected by alterations in underlying DNA methylation patterns, we transiently expressed sGFP-PpLHP1 in ppcmt protonema cells. Lossof-function mutants of PpCMT have been previously shown to display global decrease in cytosine methylation (Dangwal et al., 2014) . When expressed in ppcmt, sGFPPpLHP1 showed no difference in nuclear targeting and subnuclear distribution that was observed to be similar to its pattern in wild type cells (Figure 1b, third panel) . This shows that the reduction in at least cytosine methylation levels in both P. patens and Arabidopsis thaliana does not affect nuclear and subnuclear targeting of LHP1 across plant species. As PpLHP1 also interacts with PpCMT in vivo and the complex is localized in the nucleus (Dangwal et al., 2014) , we can further infer that nuclear targeting of PpLHP1 and formation of discrete foci occurs independent of PpCMT.
PpLHP1 interacts with homologs of PRC1 RING domain proteins
LHP1/TFL2 interaction with PRC1 RING-finger proteins in Arabidopsis has been documented (Xu and Shen, 2008; Bratzel et al., 2010; Chen et al., 2010) . To investigate whether PpLHP1 also interacts with PRC1 subunits in P. patens, we first characterized P. patens genomic loci encoding the RING-finger PRC1 proteins. Two loci, Pp3c16_8070.v3.10 and Pp3c25_5150.v3.1 encode putative homologs of AtRING1A and AtRING1B, respectively in P. patens (Berke and Snel, 2015) . The deduced proteins possess the characteristic domain architecture of PRC1 RINGfinger protein family with C3HC4 type RING domain at the N-terminus and RAWUL (RING-family And WD40 associated :psGFPcs vector in wild-type (WT) protonema cells (control), sGFP-PpLHP1 WT cells and in ppcmt protonemata. Bright field (left) and sGFP fluorescence images were digitally overlaid (merged) using Adobeâ Photoshop CS5. Scale bar represents 2.5 lm. Arrow indicates position of the nucleolus (c) Alignment of hinge region residues in PpLHP1 and Arabidopsis LHP1/TFL2. Positive residues (lysine, K and arginine, R) in AtLHP1/TFL2 (LHP1-KR23A; Berry et al., 2017) known to be crucial for targeting AtLHP1/TFL2 to nuclear foci and identical residues at these positions in PpLHP1 are in bold. PpLHP1 residues in bold and underlined show positions where an arginine is present in place of lysine.
Ubiquitin-Like) domain at the C-terminus (Table S1 ). These proteins are annotated as Physcomitrella E3 ubiquitin ligases RING 1A-related in the Plant Genomic Resource database Phytozome 11 (https://phytozome.jgi.doe.gov). The Pp3c16_8070.v3.1 and Pp3c25_5150.v3.1 encoded proteins are more than 90% identical and each of these sharẽ 40% and~38% identity with AtRING1A (At5g44280.2) and AtRING1B (At1g03770.2), respectively. These loci are therefore designated PpRING1A (Pp3c16_8070.v3.1) and PpRING1B (Pp3c25_5150.v3.1). Two other loci, Pp3c25_ 1770V3.1 and Pp3c16_3430V3.1, identified previously (Berke and Snel, 2015) , encode proteins that also possess the conserved C3HC4 type zinc finger (RING-finger) domain at the N-terminus (Table S1 ). To identify residues that form the RAWUL domain at the C-terminal region, blast searches against different domain databases (InterPro, SMART, PRO-SITE and Pfam) did not reveal presence of the conserved Ubq-like RAWUL domain that is a key feature defining the PRC1 RING-finger proteins (Sanchez-Pulido et al., 2008) . However, the alignment of Pp3c25_1770V3.1 and Pp3c16_3430V3.1 encoded protein sequences with Arabidopsis BMI revealed the presence of key residues defining the RAWUL domain in Physcomitrella proteins also (Figure S2) . These proteins are more than 80% identical and each of these shares~43% identity with AtBMI1A (At2 g30580.1) and AtBMI1B (At1 g06770.1) and~28% with AtBMI1C (AT3G23060). Accordingly, we designate Pp3c25_ 1770V3.1 as PpBMI1A and Pp3c16_3430V3.1 as PpBMI1B. Phylogenetic analysis showed that BMI and RING proteins in P. patens and Arabidopsis cluster into two separate groups that appear to have originated from a duplicated ancestral gene (Figure 2a) .
To study proteinÀprotein interactions we performed yeast two-hybrid assays. First, we analyzed the interaction between PpLHP1 and PpRING1A/1B. Specific interaction between GAL4ADÀPpLHP1 and GAL4BDÀPpRING1A and between GAL4ADÀPpLHP1 and GAL4BDÀPpRING1B fusion proteins was observed on Quadruple Drop-Out medium (QDO) and on QDO medium supplemented with the chromogenic substrate X-a-Gal (Figure 2b ). Hydrolysis of X-a-Gal into a blue colored product is indicative of activation of the endogenous Melibiase 1 (MEL1) reporter by GAL4 that was reconstituted as a result of interaction between PpLHP1 and PpRING1A/PpRING1B. Melibiase 1 is an yeast chromosomal gene belonging to GAL gene family that encodes a-galactosidase that is secreted into periplasmic space and in culture medium (Aho et al., 1997) . These protein interactions were further validated by a-galactosidase assay in liquid medium (Figure 2c ). In this assay, positive interactions between PpLHP1 and PpRING1A/ PpRING1B were inferred and quantitated from absorbance measured at 410 nm of the yellow colored product p-nitro phenol formed as a result of hydrolysis of the substrate pnitrophenyl-a-D-galactoside (PNP-a-Gal) by the exogenously secreted a-galactosidase encoded by GAL4-activated MEL1. By contrast, almost negligible MEL1 activity (inferred from weak absorbance) was observed when GAL4AÀ-PpLHP1 was co-expressed with either empty pGBKT7 vector or with a non-specific bait GAL4BDÀPpDNMT2 (Figure 2c ). Bimolecular fluorescence complementation (BiFC) assay was also performed to validate interactions between yellow fluorescent protein (YFP)ÀPpLHP1 and YFPÀPpRING fusion proteins in planta. When transiently co-expressed in moss protonema, interaction between YFPnÀPpRING1A and YFPcÀPpLHP1 and between YFPnÀPpRING1B and YFPcÀPpLHP1 was observed in the nucleus (Figure 2d ). Specificity of this interaction was confirmed by co-expressing truncated YFP (YFPn or YFPc) fragments with the three YFP fusion proteins (PpLHP1, PpRING1A, PpRING1B) that served as negative controls.
In Arabidopsis, PRC1 and PRC2 subunits function cooperatively and AtRING1A/1B interact with the PRC2 CURLY LEAF (CLF) (Xu and Shen, 2008) . Therefore, we checked if the homologs of LHP1/RING proteins/CLF could exist in a shared complex in P. patens as well. For this, we analyzed the interactions between the RING domain proteins PpBMI1A/PpBMI1B and PpRING1A/1B and between PpRING1A/PpRING1B and PpCLF. We observed specific interactions between PpBMI1A, PpBMI1B with PpRING1A and PpRING1B and between PpRING1A, PpRING1B with PpCLF on selection medium (QDO and QDO supplemented X-a-Gal) (Figure 2e ,f).
The above results therefore suggest that PpLHP1/ PpRING1A/PpRING1B/PpBMI1A/PpBMI1B can form a core PRC1-like complex in protonemata. Furthermore, interactions between PpRING1A/PpRING1B with PpCLF showed that combinatorial activity between PRC1 and PRC2 subunits possibly existed in P. patens.
PpLHP1 interacts with a putative heterogeneous nuclear ribonucleoprotein (hnRNP R) similar to LIF2 in planta
To further investigate conserved mechanisms of LHP1/ TFL2 regulation, we looked into additional proteins that could interact with and modulate activity of PpLHP1 in vivo. For this, we referred to recent studies that reported the characterization of an LHP1-interacting factor, LIF2 a ribonucleoprotein Q (hnRNP-Q) in Arabidopsis thaliana (Latrasse et al., 2011; Molitor et al., 2016) . LIF2 interacts with LHP1/TFL2 in vitro and in vivo in the nucleus (Latrasse et al., 2011) . Together these proteins are known to function synergistically to regulate developmental programs and environment signaling pathways by acting as transcriptional switches on common stress-responsive genes (Molitor et al., 2016) .
Therefore, we first identified LIF2 homologs in the P. patens genome. Two loci Pp3c12_1580V1.1 and Pp3c17_ 1210v1.1 showing maximum similarity to LIF2 (E-values of 1e-109 and 1e-106) were identified when Arabidopsis LIF2 protein was used as a query in a BLASTp search in the Cosmoss database (http://www.cosmoss.org). The encoded proteins are annotated as heterogeneous nuclear ribonucleoprotein R (hnRNP R) and were observed to be 88.6% identical (92.7% similar), with a calculated molecular mass of 55 kDa each and isoelectric points (pI) of 4.7 and 4.8, respectively (Table S2 ). With LIF2, the Pp3c12_1580V1.1 encoded protein shared 45% identity (62.9% similarity), while Pp3c17_1210v1.1 encoded protein shared 42.9% identity (60% similarity). Accordingly, we named the loci Pp3c12_1580V1.1 as PpLIF2-like1 (PpLIF2L1) and Pp3c17_1210v1.1 as PpLIF2L2. High similarity between PpLIF2L1/PpLIF2L2 and LIF2 was further reflected in their conserved domain architectures. Both PpLIF2L1 and PpLIF2L2 possess three tandem RNA recognition motifs (RRM, also referred to as the RNA-binding domain, RBD or the ribonucleoprotein motif, RNP) and two auxiliary domains: a Asp-rich region at the N-terminal and a Gly-rich region at the C-terminal end ( Figure 3a ). This domain architecture was observed to be similar to other known hnRNP R proteins as well (Burd and Dreyfuss, 1994; Hassfeld et al., 1998; Figures 3a and S3) . Phylogenetic analysis showed PpLIF2L1 and PpLIF2L2 to be closely related to Arabidopsis thaliana and Oryza sativa LIF2 and to Homo sapiens and Danio rerio hnRNP ( Figure 3b) .
In this study, we have focused on the characterization of PpLIF2L1. First, we analyzed the transient expression pattern of PpLIF2L1 in moss protonema by expressing it in fusion with GFP reporter that was fused either upstream or downstream of PpLIF2L1 coding sequence. Fusion of GFP in either orientation showed similar expression pattern. GFP fluorescence was observed to be distributed in both the nucleus and the cytoplasm (Figure 3c ). In the nucleus, an uneven distribution of PpLIF2L1 was observed around the nucleolus position (Figure 3c , inset). Assembly of RNA-binding proteins into RNP granules (comprising of RNA and proteins) is known to be promoted by binding of RNA to intrinsically disordered regions of the proteins (Lin et al., 2015) . Non-homogenous distribution of PpLIF2L1 prompted us to look into its predicted disorder profile. We observed that PpLIF2L1 possesses intrinsically disordered regions at the N-and C-terminal ends and regions of low disorder probability in the center harboring the conserved RRM domains ( Figure S4 ). This pattern was observed to be very similar to that predicted for AtLIF2 ( Figure S4 ).
Even though the in silico proteinÀprotein interaction prediction programs (https://string-db.org) predicted an interaction between PpLHP1 and PpLIF2L1/PpLIF2L2, both PpLIF2L1 and PpLIF2L2 proteins lacked the pentapeptide consensus sequence PxVxL 00 or 00 LxVxL. This sequence is usually found in proteins interacting with the chromo shadow domain of HP1 family proteins (Smothers and Henikoff, 2000; Thiru et al., 2004; Lechner et al., 2005) . While AtLIF2 encodes the consensus sequence LxVxL (L-E-V-V-L), both PpLIF2L1 and PpLIF2L2 (encoded by Pp3c12_1580 and Pp3c17_1210) instead show the presence of L-E-T-S-L in which the conserved valine (V) is replaced by a threonine (T) at a similar position ( Figure S3 ). For the experimental validation of interaction between PpLHP1 and PpLIF2L1, we therefore performed BiFC and yeast two-hybrid assays.
In the BiFC method, YFPnÀPpLHP1 and YFPcÀPpLIF2L1 were co-expressed by particle bombardment in moss protonema. YFP fluorescence emanating from reconstituted YFP as a result of interaction between PpLHP1 and PpLIF2L1 was observed to be unevenly distributed in the nucleoplasm (Figure 3d, upper panel) . Under high resolution confocal microscopy, sequential optical sections showed PpLHP1ÀPpLIF2L1 complex to be densely localized in and around the nucleolus position and in discrete foci in the nucleoplasm (Figure 3d , lower panel). Specificity of this interaction was analyzed by co-expressing YFPn, YFPc fragments with either YFPcÀPpLIF2L1 or YFPnÀPpLHP1 in protonema. This pattern of nuclear distribution of PpLHP1ÀPpLIF2 is different from that reported for the Arabidopsis LHP1ÀLIF2 complex that is shown to be evenly distributed in the nucleoplasm (Latrasse et al., 2011) . Whether this difference can be attributed to the use of truncated AtLIF2, where only the C-terminal region was used for studying the interaction with full-length LHP1/ TFL2, is not known (Latrasse et al., 2011) . Our yeast twohybrid assays also showed a specific interaction between full-length PpLHP1 and PpLIF2L1 in yeast when mated transformants were selected on QDO selection medium (SD/ÀTryp/ÀLeu/ÀHis/ÀAdenine+X-a-Gal (Figure 3e ). (a) Phylogeny of Arabidopsis thaliana and P. patens PRC1 RING-finger proteins using Homo sapiens BMI protein sequence as an outgroup. Branch lengths in the tree are proportional to inferred evolutionary changes with numbers at each node denoting the bootstrap values obtained using 1000 replicates (b) Yeast two-hybrid assay to show interaction between PpLHP1 and PpRING1A/PpRING1B on Quadruple Drop-Out (QDO) medium (SDÀTrp/ÀLeu/ÀHis/ÀAde) and QDO supplemented with the chromogenic substrate X-a-Gal. (c) a-Galactosidase quantitative assay for inferring strength of interactions between PpLHP1 and PpRING1A/PpRING1B in liquid medium using the chromogenic substrate p-nitrophenyl-a-D-galactoside. Error bars represent standard errors. (d) BiFC assay for validation of proteinÀprotein interactions in moss protonema. Scale bar = 10 lm. (e) Interactions among putative PRC1 RING-finger proteins: between PpBMI1A/PpBMI1B and PpRING1A/1B and between PpRING1A/PpRING1B and PpCURLY LEAF (PpCLF) using yeast two-hybrid assay on selection medium (QDO and QDO supplemented with X-a-Gal). Co-expression of pGBKT7-Lam encoding GAL4DNA-BD with the human lamin C in fusion and pGADT7-RecT encoding fusion of GAL4DNA-AD with SV40 large T antigen in yeast and selected on QDO and QDO + X-a-Gal was taken as negative control. Lamin C does not form complexes or interact with most proteins Ye and Worman, 1995) . While, pGBKT7-53 encoding fusion between GAL4DNA-BD and murine p53 and pGADT7-RecT was used as a positive control to analyze known in vivo interaction between p53 and SV40 large T antigen (Iwabuchi et al., 1993; Li and Fields, 1993) . (f) Model summarizing protein-protein interactions identified in (b) and (e). Double arrows link interacting subunits of PRC1 and PRC2 identified in this study.
Taken together, subcellular and subnuclear distribution patterns of PpLIF2L1 and PpLHP1 and sequestering of the PpLIF2L1/PpLHP1 complex into specific subnuclear domains suggested that PpLHP1 and PpLIF2L1 may perform distinct cellular functions in addition to their combined activities at specific subnuclear sites.
PpLIF2L1 interacts with both chromo and chromo shadow domain of PpLHP1
To identify specific domains of PpLHP1 (Chromo, CD or chromo shadow, CSD) that mediate its interaction with PpLIF2L1, we used the YFPnÀPpLHP1CD and YFPcÀ PpLHP1CSD constructs that were previously used to study interaction of PpLHP1 with PpCMT (Dangwal et al., 2014) . PpLHP1-CD includes the chromo domain along with Nterminal hinge region (1-280), while PpLHP1CSD includes the C-terminal hinge region and the chromo shadow domain (281-600). BiFC analysis showed that PpLIF2L1 interacted with both the chromo and chromo shadow domains of PpLHP1 (Figure 4a-c) . It was observed that the interaction of PpLIF2L1 with the chromo domain causes the complex to be spread in both the nucleus and the cytoplasm, while its interaction with the chromo shadow domain showed a stronger signal in the nucleus, with bright speckles in the nucleoplasm (Figure 4c ). Specificity of these interactions was checked by analyzing interactions between truncated YFP fragments and either YFPnÀPpLHP1CD or YFPcÀPpLHP1CSD.
This result therefore showed that both the chromo and chromo shadow domain of PpLHP1, together with the hinge region, are necessary for targeting PpLIF2L1 in the nucleus and for formation of foci in the nucleoplasm.
Loss-of-function of PpLHP1 affects protonema growth, causes mild early gametophore bud formation and increases branching in gametophores
To further study the function of PpLHP1, we first analyzed its expression in silico across 11 gametophytic and sporophytic stages and then studied the phenotype of PpLHP1 loss-of-function mutants.
PpLHP1 shows strong expression in sporophytes harvested 9-11 days after fertilization (DAF, S2 stage), archegonia, spores and in sporophytes harvested 18À20 DAF (S3), while it expresses at similar levels in sporophytes harvested 5-6 DAF (S1), in gametophores and protonemata cells (chloronema and caulonema). Expression in rhizoids, mature sporophytes (28-33 DAF) and protoplasts is weak compared with expression in other tissues ( Figure S5 ; OrtizRam ırez et al., 2016). Ubiquitous expression of PpLHP1 suggests that its activity may be regulated post-transcriptionally. This is further supported by the observations that PpLHP1 shows dynamic patterns of localization within the nucleus upon interaction with proteins such as PpLIF2L1.
Next, we generated transgenics harboring targeted deletion in the endogenous PpLHP1 locus ( Figure S6a) . From a total of 29 transformants that survived three rounds of selection on G418 supplemented growth medium, three lines pplhp1#1, pplhp1#10 and pplhp1#23 were shortlisted following genomic DNA analysis for confirmation of homologous recombination events, quantitative polymerase chain reaction (qPCR) analysis for analyzing PpLHP1 mRNA and copy number to ascertain the number of transgenes ( Figure S6b-d) . RT-qPCR analysis showed that pplhp1#1, pplhp1#10 and pplhp1#23 lack PpLHP1 mRNA and are therefore likely to be null mutants, while transgene analysis showed the insertion of more than one copy of transgene in pplhp1#10. So, for phenotype analysis, plants regenerated from protoplasts isolated from wild type and either pplhp1#1 or pplhp1#23 were used, as phenotypes of both pplhp1#1 and pplhp1#23 were indistinguishable. In wild type plants, a chloronema apical stem cell formed from the regenerating protoplast divides to form a protonema filament. While this filament grows by tip elongation of the apical cell, the cells next to this stem cell in the filament form the side branch initials (SBI) that behave as secondary chloronema stem cells. These cells divide to form the secondary chloronema and this results in establishment of a branched filamentous protonema. After approximately a week of propagation, the chloronema apical cell differentiates into a caulonema stem cell that then divides to form the caulonema filament. Most of the SBI (87%) formed on caulonema subapical cells undergoes fate transition and becomes secondary chloronema apical stem cells, few SBI (5%) undergo transition to form secondary caulonema apical stem cells, while equal numbers of SBI (5%) may develop into gametophore apical stem cells and some (3%) may even remain as non-dividing cells (Kofuji and Hasebe, 2014) . We observed pleiotropic defects in PpLHP1-loss-of-function plants. Proliferating pplhp1#23 plants formed smaller colonies as compared with wild type plants (Figure 5a,b) . When light grown protonema was transferred and propagated in the dark for 10 days, pplhp1#23 primary chloronema remained short, produced fewer secondary chloronema and these remained confined towards the center of the colony. Fewer caulonema filaments were formed that showed stimulated gravity-defying growth (Figure 5c,  d) . In light-grown mutant plants, SBI that formed on caulonema subapical cells produced secondary chloronema that were indistinguishable from secondary chloronema formed on wild-type caulonema (Figure 5e ). It was further observed that the number of SBI developing into gametophore buds in pplhp1#23 was almost double the numbers in wild-type plants (Figure 5f ). Also, the timing of this transition occurred approximately 2-3 days earlier in comparison with the timing of appearance of buds in wild type plants. These observations therefore show that PpLHP1 activity is essential for protonema regeneration from protoplasts and its subsequent growth, differentiation of caulonema, regulation of timing of transition from juvenile gametophyte, i.e. the filamentous protonemata to adult gametophyte or the leafy gametophores and for regulating the number of SBI developing into gametophore buds.
Branch formation and its distribution along the axis in wild-type gametophores is regulated and patterned in such a way that the apical portion of the axis remains devoid of branches, while the branch-bearing basal regions is maintained at a similar distance from the barren apices throughout development (Coudert et al., 2015) . Also, along the axis while rhizoids are formed in every leaf axil below the gametophore apical region, proliferative epidermal cells that develop into a branch develop only in some leaf axils (Sakakibara et al., 2003) . Although mid-stem rhizoids and gametophore bud initials formed in pplhp1#23 were indistinguishable from wild-type (Figure 5g-i) , mature gametophores in pplhp1#23 appear to form many secondary shoots not observed in wild-type gametophores (Figure 5j) . We, however, did not observe consistent curling of leaf tips in mature gametophores. Instead, defects in sizes of chloroplasts in gametophore leaf cells and chloronema subapical cells were observed. In comparison with wild type gametophore cells, chloroplasts in pplhp1#23 gametophores were observed to be smaller in size, while this difference in size was not observed in subapical chloronema cells. Whether this reflects a cell-specific or tissue-specific defect in chloroplast development is not clear at this stage (Figure 6a,b) . The above observations therefore show that PpLHP1 function is essential for regulating gametophore branching and possibly for chloroplast development as well.
DNA methylation is unaffected in pplhp1
PpLHP1 interacts with PpCMT in vivo and this association may facilitate recruitment of PpCMT to target sites for CHG methylation (Dangwal et al., 2014; Noy-Malka et al., 2014) . To analyze if loss-of-function of PpLHP1 affects the recruitment of PpCMT to chromatin targets and hence affects CHG methylation levels, we performed restriction digestion of pplhp1#1 and pplhp1#23 genomic DNA with methylation-sensitive enzyme MspI followed by quantitative PCR. MspI recognizes the restriction site CCGG and its restriction activity is sensitive to methylation of cytosine located as CHG, meaning that it does not digest if outer cytosine is methylated at CCGG. Loss of PpCMT (ppcmt#4) has been previously shown to affect CHG methylation, hence ppcmt#4 has been taken as the positive control in this study (Dangwal et al., 2014) . Genomic DNA was isolated from 30-day-old wild type, ppcmt#4 and pplhp1 (pplhp1#1 and pplhp1#23) plants and incubated with MspI. DNA methylation levels at the single CCGG site in the highly methylated non-repetitive genomic fragment R1 (NoyMalka et al., 2014) were quantified by comparing amplification of this genomic fragment from MspI-digested wild type, ppcmt#4 and pplhp1 DNA with uncut DNA in each genetic background. In ppcmt#4, as expected, most molecules lacked methylation at the outer C (due to loss of CHG methylation) resulting in digestion of molecules by MspI and consequent weak amplification of the R1 genomic fragment (Figure 7b ). By contrast, in pplhp1 lines, the number of molecules with methylation at outer C was not drastically reduced when quantitated relative to uncut DNA and is similar to the number of molecules with protected cytosines in wild-type plants (Figure 7b) . This, therefore, shows that PpLHP1 activity could be dispensable for CHG methylation at specific loci.
DISCUSSION
P. patens is a moss and occupies a key position on the evolutionary scale between green algae and flowering plants. Recent interest in studying its biology has arisen from the observations that, despite its simple body plan and organization, its genome possesses homologs for more than 60% of genes encoded in genomes of complex flowering plants such as Arabidopsis thaliana Rensing et al., 2008; Lang et al., 2017) . This has provided an unprecedented opportunity to study evolutionary conserved functions of genes and to infer their roles in regulatory pathways that may have contributed to the origin of intricate body plans in land plants (Chater et al., 2017; Ishizaki, 2017; Inoue et al., 2018) .
LHP1/TFL2 is a major regulatory protein that functions in PRC, orthologs of which are reported to be absent in the genomes of charophytic algae such as Klebsormidium nitens and the chlorophytes (Berke and Snel, 2015) .
Mosses therefore may represent the earliest known landplant lineage that possesses LHP1. A primitive PRC1 comprised of LHP1, Ring1 and Bmi1 is known to have existed in mosses, but experimental evidence supporting this was lacking (Berke and Snel, 2015) . Absence of LHP1 in chlorophytes shows that LHP1 may have been dispensable in plants with simple morphology such as the green algae. However, its acquisition by bryophytes (mosses), and its strong conservation throughout terrestrial plants, suggests that in these early land plants LHP1 may have been instrumental in chartering developmental programs and establishing epigenetic regulatory networks together with PRC1/ PRC2 subunits. In this study, therefore, we focused on analyzing ancient and conserved activities of LHP1 using the model moss P. patens.
With respect to subcellular localization and distribution patterns, LHP1/TFL2 in flowering plants shows punctuated distribution and sequestration into bright speckles in the nucleoplasm. This pattern is regulated by RNA binding to the disordered hinge region of LHP1 in Arabidopsis (Berry et al., 2017) . It is proposed that RNA binding to disordered regions of LHP1 could promote the precipitation/aggregation of the LHP1/RNA complex that, together with other proteins, may form nuclear bodies whose function may be to maintain a locally high concentration of LHP1 at polycomb target sites, a property also shown by HP1 proteins (Keller et al., 2012; Lin et al., 2015; Berry et al., 2017; Larson et al., 2017; Strom et al., 2017) . The hinge region of PpLHP1 shares a similar disordered prediction profile with LHP1/TFL2 and is also enriched in positive residues at identical positions in this region. Similarity in nuclear and subnuclear distribution patterns of sGFP-PpLHP1 and AtLHP1ÀGFP/AtLHP1ÀNLSÀeGFP makes it attractive to speculate that RNA binding to the disordered hinge region of PpLHP1 may also promote coalescing/aggregation of PpLHP1 with other nuclear proteins/RNA molecules to form Each leaf was divided into three sections, i.e. tip, mid, base. In total, 50 chloroplasts from each section were measured and sizes were averaged. Similarly, 50 chloroplasts from subapical chloronema cells were measured and their sizes were averaged. Bars on columns represent standard error.
specific foci in the nucleoplasm. Also, as the formation of these foci are independent of the changes in cytosine methylation levels in both Arabidopsis and P. patens, so it appears that this could be a ubiquitous property of LHP1 proteins and a conserved mechanism to maintain high concentrations at specific polycomb/non-polycomb target sites in the nucleoplasm (Figure 8 ; Zemach et al., 2006; Berry et al., 2017) . LHP1 is a versatile protein that moonlights its effect in different developmental and regulatory pathways by virtue of its ability to interact with diverse proteins. Our proteinÀpro-tein interaction studies have previously shown that PpLHP1 interacts with chromomethylase PpCMT (Dangwal et al., 2014) . In this study, we show that PpLHP1 also interacts with homologs of Arabidopsis PRC1 subunits in vivo. Further, interaction between PpRING1A and PpRING1B with PpCLF, a SET (Su(var)3-9, Enhancer-of-zeste, Trithorax) domain protein with H3K27 trimethylase activity and identified as ortholog of Drosophila E(z) protein in P. patens , is also well conserved. These observations suggest that in P. patens multiprotein PRC1-like complexes such as PpRING1A/PpRING1B/PpLHP1/ PpBMI1A/PpBMI1B or subcomplexes with PpRING1A/ PpRING1B/PpLHP1/PpCMT can form in vivo and that the combinatorial networking between PRC1 and PRC2 also occurred in early land inhabitants such as P. patens.
We also demonstrate that PpLHP1 interacts with the hnRNP R protein PpLIF2L1 in protonemata. These observations suggest that the link between LHP1-mediated epigenetic regulatory mechanisms and RNA metabolic activities is ancient and existed in early land plants (Latrasse et al., 2011; Molitor et al., 2016) . There is a strong structural conservation between PpLIF2-like and Arabidopsis LIF2 proteins with respect to the presence of conserved RNA-binding domains and intrinsically disordered regions (IDR) across protein structures. Interestingly, by contrast with their respective nuclear distribution patterns as GFP-fusion proteins, PpLHP1 and Figure 7 . DNA methylation analysis in wild type and pplhp1 plants. (a) Sequence of genomic region R1 showing CCGG site (underlined) and position of forward and reverse primers (bold and double underlined) flanking this site that were used for methylation analysis. (b) Quantification of DNA methylation by analyzing relative amplification of MspI digested genomic DNA isolated from wild-type, ppcmt#4 and two pplhp1 mutant lines pplhp1#1 and pplhp1#23 using the primer pair mentioned above. Amplification of restricted genomic DNA of each sample was compared with amplification of undigested DNA that served as the reference in each genetic background. PpHistone3 was used as internal control for normalization of the results. Bars represent standard errors calculated from standard deviation obtained from three technical replicates.
PpLIF2L1 as a complex become densely localized around the nucleolus and in specific subnuclear foci. Interactions between disordered regions of proteins or folded domains with RNA are known to facilitate aggregation/recruitment of other proteins to form nuclear bodies (Lin et al., 2015) . Based on this idea, we propose that IDRdependent or IDR-independent interactions between PpLHP1 and PpLIF2L1 could trigger the assembly of these proteins with RNA/other nuclear proteins to form discrete RNA/protein granules in subnuclear domains. As LIF2 is known to act downstream of LHP1 and together they regulate expression of many stress-responsive genes (Molitor et al., 2016) , it is therefore plausible that, in early land plants, hnRNP and components of chromatin repression machinery may have played important roles in stress management at cellular levels. Bryophytes in general were exposed to varied biotic and abiotic stresses early on, and mosses have developed progressive adaptations to these environmental challenges over a period of time. Therefore, at the molecular level, chromatin-modifying proteins and RNA metabolic activities may have contributed significantly in fine-tuning the expression of stress-responsive genes that may have eventually led to successful colonization of these plants on terrestrial habitats.
We did not observe the similarity in multiple aberrations of PpLHP1 loss-of-function plants and phenotypes of loss-of-function of PRC2 ppfie (Mosquna et al., 2009) , although with ppclf it shared similarity with respect to the defects in chloroplast sizes (Okano et al., 2009) . Deletion of PpFIE caused normal protonemata growth and initiation of three-faced gametophore initial cells, similar to wild-type plants. However, the gametophore apical meristematic cell, instead of producing leaf primordia and developing into leafy gametophores, overproliferates to form multiple apical cells (Mosquna et al., 2009) . Conversely, deletion of the Drosophila E(Z) ortholog PpCLF causes changes in the fate of pluripotent apical stem cells of protonema side branches, resulting in the development of sporophyte-like bodies instead of secondary protonema (Okano et al., 2009) . Morphological changes in pplhp1 instead were observed to be partly similar to pleiotropic defects reported for single lhp1/tfl2 mutants (Kotake et al., 2003) . Arabidopsis lhp1/tfl2 also show an early transition to flowering, defects in organ differentiation and overall small plant size with reduced stem, leaf, flower and siliques, due to defects in cell expansion (Larsson et al., 1998; Gaudin et al., 2001; Kotake et al., 2003) . From the phenotypic traits of lhp1/tfl2 and defects in PpLHP1 loss-of-function plants observed in this study it is seen that, among the different regulatory activities exhibited by LHP1/TFL2 in flowering plants, its effect in regulating overall plant growth, cell differentiation and timing of developmental transitions appears to have been conserved during evolution (Figure 8 ). While some phenotypic traits exhibited by pplhp1#23, such as increased number of gametophore buds, increased branching and defects in chloroplast sizes, have not been documented for Arabidopsis tfl2 mutants (Larsson et al., 1998; Gaudin et al., 2001; Kotake et al., 2003) . It is possible that these defects could either be an indirect consequence of lossof-function of PpLHP1 or these could represent P. patensspecific functions of PpLHP1. Alhough increased shoot formation due to early arrest of inflorescence meristem is reported for tfl2 plants (Larsson et al., 1998) , whether this can be considered similar to gametophore branching pattern needs to be investigated further.
Furthermore, we did not observe any alterations in the CHG methylation pattern in the pplhp1 background. PpLHP1 and PpCMT interact in vivo and this could facilitate recruitment of PpCMT to its target sites. In Arabidopsis, CMT3 is known to associate with chromatin directly by binding to H3K9me2 in heterochromatin through its chromo and bromo-adjacent homology (BAH) domains (Du et al., 2012) . Therefore, our observation that loss of PpLHP1 activity does not affect CHG methylation at the R1 site suggests that, in P. patens, PpCMT could localize to chromatin sites independent of PpLHP1.
Hence, in summary, this study sheds light on the ubiquitous activities of LHP1/TFL2 across land plants and provides evidence for their conserved functions in the moss P. patens and in Arabidopsis. Interaction of its homolog PpLHP1 with putative PRC1 RING proteins and further interaction of these RING proteins with other PRC1 and PRC2 subunits in P. patens indicates the existence of multiprotein complexes similar to functional PcG complexes in animals and flowering plants. Functional relevance of the existence of PpLHP1 in such combinations is further supported by the observation that pplhp1 mutants display growth and pleiotropic aberrations. Therefore, regulatory activities of LHP1/TFL2 have remained functionally relevant in early land plants as well, in which they possibly contributed to orchestrating developmental programs and regulating physiological processes: possibly stress management that eventually contributed to sustaining their existence on terrestrial habitats.
EXPERIMENTAL PROCEDURES Plant material
Physcomitrella patens (strain Gransden 2004) was propagated on BCDAT or BCD medium as per protocols listed in PHYSCObase (http://moss.nibb.ac.jp).
In silico analysis
Arabidopsis RING1 and Bmi1 homologs in P. patens genome have been reported previously (Berke and Snel, 2015) . To confirm that no additional homologs are present in the v3.1 annotation of the v3.0 assembly of P. patens genome, the AtRING1A sequence was used as a query in BLASTp with a default e-value threshold of 10 eÀ4 . The same two loci, Pp3c16_8070V3.1 (Pp1s194_136V6) and Pp3c25_5150V3.1 (Pp1s412_47V6), each with E-values 8e À22 and 9e
À22 were also obtained in this search. Similarly, for identification of AtBMi1 homologs, the AtBMi1 protein sequence was used as a query. Using the same default E-value threshold, the BLASTp search identified six hits, of which two corresponded to the previously reported BMi1 homologs Pp3c25_1770V3.1 (Pp1s233_110V6) and Pp3c16_3430V3.1 (Pp1s127_49V6.1) (Berke and Snel, 2015) each with an E-value of 3e
À28 and 3e
À27
, respectively, while two other hits corresponded to the putative AtRING homologs identified above. To analyze the other two loci Pp3c6_4830V1.1 (4e À16 ) and Pp3c5_26550V1.1 (2e À15 ), protein sequences were downloaded and conserved domains were identified using the NCBI Conserved domain database (https://www.ncbi.nlm.nih.gov/Struc ture/cdd/wrpsb.cgi) and the PROSITE ExPASy Bioinformatics resource portal (https://prosite.expasy.org/prosite.html). Both the encoded proteins showed the absence of the conserved RING-finger domain and hence were not considered for further analysis.
For identification of AtLIF2 homologs, a stringent E-value cutoff of e À100 was used to filter off low similarity hits. Sequence alignments were performed using MUSCLE 3.8 (https://www.ebi.ac.uk/ Tools). Schematic protein structures were prepared using PRO-SITE MyDomains-image creator tool (https://prosite.expasy.org/ mydomains/). Nuclear localization signals were predicted using MLEG (http://mleg.cse.sc.edu/seqNLS/). Phylogenetic analysis was performed by aligning full-length protein sequences in CLC main workbench (Version 6.6.1) and tree was generated using the neighbor-joining method. Bootstrap values were derived using 1000 and 5000 replicates. PpLHP1 expression profile was obtained using Physcomitrella eFP browser (http://bar.utoronto.ca/ efp_Physcomitrella/cgi-bin/efpWeb.cgi; Ortiz-Ram ırez et al., 2016).
Preparation of constructs
For preparation of PpLHP1 knockout construct, genomic DNA was isolated from 7-day-old protonema tissue using CTAB method (http://moss.nibb.ac.jp). Using this as template, 550 and 558 bp genomic fragments were amplified using forward and reverse primer pairs, LHP15 0 FP/LHP15 0 RP and LHP13 0 FP/LHP13 0 RP, respectively (Table S3 ). These 5 0 (550 bp) and 3 0 (558 bp) fragments were individually digested with HindIII and ligated to give a 1108 bp DNA fragment that was cloned in pENTR/D-TOPO vector (Gateway, Invitrogen, Waltham, MA, USA). This was then shuttled into the destination vector pMBL6attR (Gateway, Invitrogen). Subsequently, a 1991 bp fragment encoding the selectable marker neomycin phosphotransferase (NPTII) driven by CaMV promoter and that confers resistance to geneticin (G418) upon transformation was removed from pMBL6 by HindIII digestion. The digested NPTII cassette was inserted in the 1108 bp genomic fragment at the HindIII site in pMBL6attR, resulting in a targeting cassette comprising of 5 0 and 3 0 flanking PpLHP1 genomic sequences and the 35S-p-NPTII marker.
For transient expression assays, sGFP-PpLHP1, sGFP-PpLIF2L1 and PpLIF2L1-EGFP were prepared. For sGFP-PpLHP1, full-length PpLHP1 coding sequence was amplified using forward and reverse primers with ApaI and XmaI restriction sites incorporated at 5 0 ends of respective primers (Table S3 ). The amplicon was cloned downstream of sGFP (S65T) coding sequence (Chiu et al., 1996) in the vector psGFPcs (Jiang et al., 2001 ) also linearized with ApaI/XmaI. For preparation of the sGFP-PpLIF2L1 construct, the 1521 bp PpLIF2L1 coding sequence was amplified using gene-specific primers and cloned in the SpeI site in the psGFPcs vector. For preparation of the PpLIF2L1ÀEGFP construct, a 1518 bp fragment was amplified and cloned into the pENTR/D-TOPO vector. This was then shuttled into the destination vector pDH51-GWÀGFP. Positive clones in each case were identified by restriction enzyme digestions and DNA sequencing. For preparation of YFP fusion constructs for BiFC analysis, fulllength PpRING1A (1257 bp), PpRING1B (1272 bp) and PpLHP1 (1800 bp+521 bp 3 0 UTR) were amplified and cloned in pENTR/ D-TOPO (Gateway, Invitrogen). Each of these amplicons were then shuttled into the destination vectors pDH51-GWÀYFPn and pDH51-GWÀYFPc harboring the 468-bp region encoding the Nterminal YFP (156 amino acids) and the 255-bp fragment encoding the C-terminal YFP (85 amino acids), respectively, to generate translational fusion constructs (Zhong et al., 2008) . Positive clones were confirmed by restriction enzyme digestions and DNA sequencing. For preparation of the PpLIF2L1ÀYFP construct, the PpLIF2L1 coding sequence (1518 bp) was amplified from cDNA prepared from total RNA (High Capacity cDNA Reverse Transcription Kit, Applied Biosystems, Waltham, MA, USA) isolated from 7-day-old protonemata tissue using gene-specific primers (Table S3) The amplicon was cloned in the pENTR/D-TOPO vector (Gateway, Invitrogen) and then shuttled into respective destination vectors pDH51-GWÀYFPn and pDH51-GWÀYFPc or pDH51-GWÀGFP as per manufacturer's instructions. PpLHP1CD and PpLHP1CSD constructs were prepared by amplifying a 840-bp fragment encoding the chromo domain and N-terminal hinge region (280 amino acid) and a 960-bp fragment encoding the chromo shadow domain and C-terminal hinge region (320 amino acids) using a cDNA template and cloning in pENTR/D-TOPO vector (Gateway vector, Invitrogen). These fragments were then shuttled into the destination vectors pDH51-pDH51-GWÀYFPn and pDH51-GWÀYFPc as per manufacturer's instructions.
For preparation of constructs for yeast two-hybrid assays, inserts corresponding to full-length PpRING1A (1260 bp) and PpRING1B (1275 bp) were amplified using specific forward and reverse primers with Nde1 and Sal1 restriction enzyme sites incorporated at 5 0 ends of respective primer sequences (Table S3) . After restriction digestion, the amplicons were ligated to linearized yeast vector pGBKT7 having GAL4 DNA-binding domain (BD). PpLHP1 (1800 bp + 538 bp 3 0 UTR) was amplified using forward and reverse primers with the Sma1 restriction site and cloned in SmaI-linearized pGADT7. PpBMI1A (1602 bp), PpBMI1B (1611 bp) and PpCLF (2997 bp) were amplified using gene-specific primers (Table S3) and cloned into pENTR/D-TOPO (Gateway, Invitrogen) and then shuttled into the pGADT7-GW destination vector. Translational fusion constructs were confirmed by DNA sequencing.
BiFC and transient expression assays
For both BiFC and transient expression studies, gold particles were first sterilized. For each sample, 1.5 mg gold particles were mixed with 100 ll 70% ethanol and, after 15 min incubation at room temperature and a brief spin, particles were pelleted. These were then washed with 100 ll sterile water and, after repeating this step twice, the particles were finally resuspended in 50 ll sterile glycerol (50%). For each experiment, 50 ll sterilized gold particles were mixed with 10 lg DNA. To this mixture, 50 ll of 2.5 M calcium chloride and 20 ll of 0.1 M spermidine was added. This was incubated for 15 min at room temperature and then pelleted by giving a brief spin at 20 854 g for 5 sec. After washing the pellet once with 150 ll 70% ethanol and 150 ll of absolute ethanol it was finally resuspended in 50 ll absolute ethanol. For particle bombardment, 4-day-old protonemata subcultured on cellophane overlaid BCD plates were used. Constructs were transiently expressed using the PDS-1000/He gene gun (Bio-Rad, Hercules, CA, USA) in either wild-type or ppcmt protonema. After bombardment, plates were incubated overnight at 25°C in dark and the fluorescence emitted by sGFP or reconstituted YFP was analyzed using a fluorescence microscope (Olympus BX51) or a Leica TCS SP5 (AOBS-Acousto Optical Beam Splitter based) confocal microscope. For GFP/YFP fusion proteins photographed using confocal microscope, oil emersion infinity corrected HCX Plan APO lambda blue 940.0 1.25 UV objectives with a 1.25 numerical aperture were used. An argon visible laser with 10% power was used for excitation of fluorescent markers and images were captured using photomultiplier tubes with an emission bandwidth set between 504 and 599 nm.
Yeast two-hybrid assay
Yeast two-hybrid assays were performed as described previously (Dangwal et al., 2014) . Briefly, yeast strain Y187 was transformed with either pGBKT7-GW or pGBKT7 vectors and pGBKT7-GW or pGBKT7 constructs, while strain AH109 was transformed with either pGADT7-GW or pGADT7 vectors and pGADT7-GW or pGADT7 constructs. Mating of the transformed cells and further selections of diploids were performed according to the instructions in the Matchmaker TM library construction and screening kit (Clontech). Appropriate minimal Synthetic Drop-Out (SD) selection plates, viz., SD/Àleucine, SD/Àtryptophan, SD/Àleucine/Àtryptophan, SD/Àleu-cine/Àtryptophan/Àhistidine, SD/Àleucine/Àtryptophan/Àhistidine/ Àadenine and SD/Àleucine/Àtryptophan/Àhistidine/Àadenine + X-a-Gal were used. Images of colonies were captured using a Canon D70 DSLR camera.
To measure the strength of interaction in vitro, catalytic activity of MEL1 was assessed in liquid galactosidase assays using the chromogenic substrate PNP-a-Gal (Sigma, USA). For each experiment, three biological and five technical replicates of each biological sample were taken. Fresh colonies were inoculated in SD/ÀLeu/ÀTrp overnight. Cells in the log phase (OD 600 nm = 0.5-1.0) were pelleted and the supernatant was incubated with assay buffer containing PNP and sodium acetate at 30°C for 1 h. The reaction was terminated by addition of sodium carbonate and absorbance was measured at 410 nm using a microplate reader (SpectraMax M2e, Molecular Devices, San Jose, CA, USA).
Moss transformation and selection of transformants
Moss transformation was done as described by Liu and Vidali (2011) . Screening and selection of transformants was done as mentioned previously (Dangwal et al., 2014; Arya et al., 2016) . Three out of 29 transformants that survived three rounds of selection on G418-supplemented media were shortlisted for further validation. Genomic DNA and RNA were isolated from the selected lines and analyzed for transgene insertion by PCR using the primer pairs ExFP, NRP and NFP, ExRP (Table S3 ). Transgene copy number was determined as mentioned previously using PpFIE and PpCLF as internal controls and for the normalization of expression values (Table S3 ; Arya et al., 2016) . Quantitative PCR analysis was performed as described previously (Dangwal et al., 2014; Arya et al., 2016) . Expression values obtained for target gene (PpLHP1) were normalized using PpHistone3. Three biological samples with three technical replicates for each biological sample were used.
Microscope analysis
For phenotype analysis, samples were analyzed in sterile water and imaged using an Olympus stereomicroscope (SZX 16) and a fluorescence microscope (Olympus BX51). For imaging chloroplast fluorescence in gametophore leaf cells and subapical cells, mature wild-type and pplhp1#23 plants were used (more than 3 months old). Samples were prepared in sterile water on glass slides, covered with a coverslip and analyzed using a Leica SP5 confocal laser scanning microscope. 633 HeNeRED laser at 940 magnification and a 91.8 Digital Zoom was used. Next, 2-lm thick optical sections were stacked for creating each image. Chloroplast area calculation was performed in Adobeâ Photoshop CC using the selection tool. Sizes of 50 chloroplasts for each sample were recorded and their averages were calculated.
DNA methylation analysis
For quantification of DNA methylation levels, genomic DNA was isolated from wild type, ppcmt#4 and pplhp1 tissue by CTAB method (Malik et al., 2012) . Here, 2 lg of DNA was digested with 10 units of MspI in a 100 ll reaction for 16 h at 37°C. After ethanol precipitation, 200 ng genomic DNA of each sample (uncut and digested) was used as template for quantitative PCR. Uncut genomic DNA in each genetic background served as a reference, while normalization of results was carried out using PpHistone3. Figure S1 . Predicted disorder in PpLHP1 and LHP1/TFL2 sequences using the protein disorder prediction system PrDOS (http://prdos. hgc.jp). Figure S2 . Sequence alignment of Physcomitrella and Arabidopsis BMI proteins. Figure S3 . Aligned amino acid residues of Pp3c12_1580 (PpLIF2L1), Pp3c17_1210 (PpLIF2L2) and AtLIF2. Figure S4 . Intrinsically disordered regions predicted in PpLIF2L1 and AtLIF2 using the protein disorder prediction system PrDOS (http://prdos.hgc.jp). Figure S5 . PpLHP1 spatial expression pattern. Figure S6 . Preparation of pplhp1 knockout (KO) construct and generation of transgenic lines. Table S1 . Genomic and protein features of putative PRC1 RINGfinger proteins encoded in the P. patens genome Table S2 . Genomic and protein features of LIF2-like genes in P. patens and Arabidopsis thaliana. Table S3 . List of primers and their sequences used in this study.
